Gas viscosity data for nine quadrupolar molecules are analyzed using calculated collision integrals for the 12-6-5 potential. The parameters of the spherical component of the potential are obtained from the viscosity data, and then used in conjunction with second virial coefficient data to determine the quadrupole moments and "shape" parameters of the molecules. The quadrupole moments obtained are very reasonable, and further improvement along these lines will probably depend on a better understanding of the nonspherical components of the repulsive part of the potential.
T HE potential energy of interaction between two polyatomic molecules is usually assumed to consist of a spherically symmetric component plus a contribution due to the asphericity of the molecular charge distribution. The latter contribution is conveniently divided into terms representing the classical electrostatic interaction between the two charge distributions, the anisotropy of the quantum-mechanical dispersion forces, and the "shape" of the molecular core (i.e., the anisotropy of the repulsive part of the potential). Parts of the potential contribute more significantly to some properties of the molecular gas than to others. For example, the viscosity of a quadrupolar gas can usually be adequately described by a potential function consisting only of the spherical component plus the contribution due to the quadrupole moments, whereas the second virial coefficient of the same gas depends significantly on all parts of the potential function. Kielich l and OrcuW have shown that reasonable values of molecular quadrupole moments could be obtained even by ignoring the effect of the quadrupole moment on the viscosity, and the effect of the shape component and of most of the higher-order anisotropy terms on the second virial coefficient.
It is the purpose of this paper to analyze the viscosity data for nine quadrupolar gases (N2, O2, NO, CO, F2, CO2, N20, CJI2, C~4) with the collision integrals for a 12-6--5 potential reported in the preceding paper, in order to obtain the parameters of the spherical component of the potential. These parameters are then used in conjunction with experimental second virial coefficients to determine the quadrupole moments and shape parameters of the molecules.
II. CALCULATIONS A. Analysis of Viscosity Data
The viscosity ' Y/ is given by the formula
for which the collision integrals (Q(2.2)*) are tabulated in the preceding paper8 on the assumption of fixed relative orientation per collision for a 12-6--5 potential model. The range and accuracy of the viscosity data and of the model itself do not justify allowing all three parameters (fO, 0"0, q) to be freely adjustable. Since viscosity is only weakly dependent on the value of the reduced quadrupole moment parameter q, the procedure adopted was to let the viscosity data determine fO and 0"0, and let the second virial coefficient data determine q. This is an iterative procedure which converges very quickly. A value of q was first estimated from the definition (2) with values of fO and 0"0 from the 12-6 potential and the value of the quadrupole moment 8 taken from Orcutt's estimate 2 for N2, CO, CO 2 , C~4, and from Buckingham's summary4 for O 2 , NO, N 2 0, and C 2 H 2 . For F2 the value 8 = 1.5 X 10--26 esu was used. With a fixed value of q, Eq. (1) can be written in practical units as 4263, (3a) 10gT= 10gT*+ 10g(fo/k). \A. n. Buckingham, Quart. Rev. (London) 13, 183 (1959). should be superposable by translation of axes on a plot of the theoretical quantities log[f~/(T*)2/5(n(2,2)*)J vs 10gT*.
The particular theoretical curve to use is determined by the previous choice of q. The amount of translation along the abscissa determines Eo/k, and the amount of translation along the ordinate determines 0"0. (In practice it was adequate to take the correction factor f~ equal to unity.)
The gas viscosity is insensitive enough to the quadrupole moment for a variation of ±O.2s in the value of q to make only a slight difference in the values of Eo and 0"0, so that only a single iteration was usually needed. The parameters determined are listed in Table I .
B. Second Virial Coefficients
The potential model used for the analysis of the second virial coefficient data was 1, 4, 5 cp(r) = cp(spherical) +cp( quadrupole) +cp(anisotropy) +cp(quad-ind dipole) +cp(shape), (4) where
in which a=t(all+2cu) and ,,= (all-a.l.)/3a are the mean polarizability and the anisotropy of the polarizability and the anisotropy of the polarizability, respectively, all being the polarizability along the axis of symmetry and a.J. that perpendicular to it. The , 733, 737 (1929); 3, 409 (1929); 7,409,427 (1930); 9, 981 (1931); 10, 155 (1931); 11, 606 (1931); 20, 135 (934) .
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where ei is the ith element of charge and Zi and x. are its coordinates in a system where the Z axis is the symmetry axis and the origin is the center of mass. The noncoincidence of the center of mass and the center of charge affects the value of 8 only for CO and N20 (which have nonzero dipole moments). The above definitions do not strictly apply to ethylene, which is not cylindrically symmetric; our values of " and 8 for ethylene are therefore estimates based on the assumption that the deviation from cylindrical symmetry of the molecule is not large enough to affect the results. There is no particular theoretical basis for the form of cp(shape) ; it merely represents the leading term of an expansion in Legendre polynomials. 5 The quantity D is a dimensionless shape parameter. The angle-dependent quantities in Eqs. (5) are
where 81, 82, and cJ> are the usual angles describing the relative orientation of two linear molecules. This potential is more elaborate than the 12-6-5 potential used in the analysis of the viscosity data, but this is not important for the following reasons.
Suppose anisotropy and shape terms were added to the 12-6-5 viscosity potential; for a given orientation they would merely cause small changes in the values of EO and ITo. To first order the collision integrals are linear in EO and ITo (but not in 8), so that the effects of anisotropy and shape vanish on the subsequent averaging over orientations. The contribution of the ,-8 quadrupole-induced-dipole term to the viscosity potential cannot be thus averaged away because there is no ,-8 term in the 12-6-5 potential, so its presence in the virial calculations is, in principle, inconsistent. However, in view of the small effect the ,-6 quadrupole term has on the viscosity, it seems safe to assume that the y-8 polarizability term would have negligible effect on the viscosity and hence on the parameters Eo and ITo.
In short, we believe it is accurate to neglect the ,-8 term in determining Eo and ITo from viscosity, but not accurate to neglect it in calculating virial coefficients, although we must admit that this is an opinion and has not been proved.
If we define the reduced quantities a*=a/1T03, Nitric oxide, carbon monoxide, and nitrous oxide all have small dipole moments. This means that an additional term cp(dipole) has to be added to the potential function
where J. . I. is the dipole moment. This leads to a term B*(dipole) and more cross terms in the expression for the second virial coefficient. The term B*(dipole) was calculated to be negligible for NO, CO, and N20, and the only cross term included was B*(quad X dipole) =--h(J..I.*8*)H8(y)+· ", (11) where J..I.*=J..I./(EOIT03)1/2. No data for the anisotropy of the polarizability of NO and F2 were available so the second virial coefficients for these two gases were calculated for K = 0 and for a plausible upper limit for K. The AZOO,201 (1950) .
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the quadrupole moment obtained thus represent probable upper and lower limits, respectively.
The parameters e and D which give the best fit with experimental second virial coefficient data are listed in Table II , together with the other parameters used. Calculated values of the second virial coefficients are compared with values obtained from experimental data in Table III. m. DISCUSSION A. Quadrupole Moments Buckingham. 4 Although the values obtained by the present method appear only slightly different from Orcutt's, it must be remembered that the quadrupole moment appears to the fourth power in the virial coefficient expression, so small changes in its value make an appreciable change in its contribution to the second virial coefficient. Moreover, Orcutt used only a k E. G. Butcher and R. S. Dadson, Proc. Roy. Soc. (London) A277, 448 (1964) . 1 A. Michels and M. Geldermans, Physica 9,967 (1942) . m H. L. Johnston and H. R. Weimer, J. Am. Chem. Soc. 56, 625 (1934) . n B. H. Golding and B. H. Sage, Ind. Eng. Chern. 43,160 (1951 
B. Shape Parameters
In order to keep the EO (0"0/ r) 12 repulsive term in the over-all potential positive, the shape parameter D must lie between -0.25 and +0.50. 5 A negative D corresponds to a platelike molecule and a positive D to a rodlike one. All our molecules are actually rodlike, but D<O for CO 2 • One way of estimating the "rodlikeness" of different molecules is to compare their ratios of length (l) to width (w), as calculated from the known molecular geometries and the van der Waals radii of the peripheral atoms, as shown in Table V Table II , we see that the shape model of Eq. (5e) seems to be reasonable for the less elongated molecules N2, O2, NO, F2, and C2H 4, but to break down for the two elongated molecules CO2 and N 2 0 and to need larger than expected values for CO and CzH2. For CO, the second virial coefficient data are available only at high reduced temperatures where the small influence of all the noncentral terms makes the curve-fitting process very subjective. For C 2 H 2 , both the viscosity and the second virial coefficient data cover such a small temperature range that an unambiguous choice of parameters is difficult. The discrepancies for CO2 and N20, however, probably represent a real failure of the model.
In summary, it appears that reasonable estimates of molecular quadrupole moments can be obtained from viscosity and second virial coefficient data. Improvement of the present estimates will require improvement of the potential model used; the least satisfactory component of this model appears to be the shape term used to describe the anisotropy of the repulsion. Even with a relatively crude shape function, however, reasonable values of quadrupole moments can be obtained if the virial coefficient data extend to low enough temperatures.
